Abstract-In this paper, we present a direct optimization procedure that utilizes phaseless electric field data over arbitrary shaped surfaces for the reconstruction of an equivalent magnetic current density that represents the radiating structure or an antenna under test. Once the equivalent magnetic current density is determined, the electric field at any point can be calculated. Numerical results (both simulated and experimental) are presented to illustrate the applicability of this approach for nonplanar near-field to far-field (NF-FF) transformation as well as to antenna diagnostics. The results are presented using both theoretical and experimental phaseless data over one and two planes.
I. INTRODUCTION
W HEN dealing with near-field to far-field (NF-FF) transformation for antenna measurement, traditional techniques require not only the amplitude but also the phase information of the NF data in order to calculate accurately the far-field pattern of the antenna under test (AUT). However, it is difficult to obtain complex (amplitude and phase) measurement at millimeter-wave frequencies. Also, at low frequencies, the amplitude-only measurement techniques are economical to employ. These are often the motivations of studying techniques that allow the calculation of the FF pattern from amplitude measurements in the NF.
The objective of this paper is to calculate both the radiating sources (or fields at the antenna "aperture") that characterize the AUT or generate the FF information using amplitude-only information of the electric field collected over an arbitrary domain in the near field.
Classical NF-FF transformation methods using amplitude-only data are based on phase-retrieval techniques. Several approximations can be found in the literature using matrix methods with data measured over one and two measurement planes [1] or the classical two measurement planes technique F. Las-Heras is with the Universidad Politecnica de Madrid, ETSI Telecomunicacion, 28040-Madrid, Spain (e-mail: fernando@gr.ssr.upm.es).
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Publisher Item Identifier S 0018-926X(02)04578-7. with the fast Fourier transform (FFT) algorithm [2] . The main goal in those techniques is to reconstruct the phase of the NF data. This usually leads to an iterative scheme in which the phase of the known amplitude near-field data at two different planes is reconstructed in a forward-backward fashion. A typical phase retrieval scheme for two planes is shown in Fig. 1(a) . In this iterative scheme, an initial guess for the plane wave spectrum (PWS) representation of the sources is used to calculate the amplitude and the phase of the near field at plane 2. The calculated amplitude is substituted by the measured one . Then a reconstruction of the sources (of its PWS) is performed and the near field at plane 1 is calculated. Then we substitute the calculated amplitude by the measured one . The process continues until some stopping criteria are satisfied. With the calculated coefficients of the PWS representation, the far-field pattern can be obtained.
Here, we propose a method that reconstructs directly the sources from the knowledge of the electric field amplitude data over some region [ Fig. 1(b) ]. The sources are established in terms of an equivalent magnetic current (EMC) density and the equivalent principle has been used to represent the AUT as an EMC distribution that encloses the AUT. From this representation, a relationship between sources and the amplitude field data over some domain can be established through a full-wave integral equation. The technique of using equivalent currents 0018-926X/02$17.00 © 2002 IEEE and a matrix method to reconstruct them on arbitrary scanning surfaces from amplitude and phase information has been previously addressed in [3] - [5] . In the case of amplitude-only data, a cost function regarding the difference between the known amplitude data and the field radiated by the EMC distribution can be defined. The conjugate gradient method has been used to minimize the cost function and obtain the EMC distribution. Finally, the electric field data can be calculated at any point from this EMC distribution. NF-FF transformation has been considered as the main application, although the calculation of the EMC distribution can also be useful for diagnostics when the algorithm is applied to planar antennas.
The surface of the measured amplitude data (measurement domain) does not need to be restricted to the typical two planes usually defined but can be defined on arbitrary domains of nonplanar measurement surfaces which can be of any arbitrary number. Results are presented using one plane, two planes as well as other type of surfaces. Its accuracy, which depends on the amount of information given to the optimization procedure, are also discussed.
In Section II, we present the concept of EMC in a succinct fashion. Then in Section III we illustrate the cost function which enables one to extend this methodology to deal with amplitude-only data over an arbitrary measurement plane. Both simulation and experimental results are presented in Section IV to illustrate how this methodology can be used for phaseless NF-FF transformation and antenna diagnostics for measurements made on arbitrary surfaces which need not conform to any coordinate system, followed by conclusion.
II. EQUIVALENT CURRENT REPRESENTATION
According to the equivalence theorem, the field radiated by an antenna can be reproduced from the unbounded radiation of a surface distribution of electric and magnetic equivalent currents over a virtual surface enclosing the original radiating antenna. If the enclosed surface is an infinite plane that coincides with the plane of the antenna, for example, the -plane, the value of the equivalent current distributions are given by (1) (2) Here, and are the electric and magnetic fields radiated by the antenna in the region, that is, the external equivalent problem. If the internal region is assumed to be a perfect electric conductor (PEC), only equivalent magnetic currents over the PEC surface are needed to establish the equivalence. Finally, image theory can be applied and only an equivalent magnetic current distribution over a planar domain, radiating in an unbounded medium, can be used to represent the radiated field due to the AUT in the external region, that is where the equivalence is valid (Fig. 2) . The relationship between this equivalent magnetic current and the electric field is given by
The electric NF, due to a magnetic current distribution over the surface in an unbounded medium, can be written through the curl of the electric vector potential (4) where is the distance between each source point and the observation point , and is the wavenumber.
The Cartesian components of the electric field in (4) can be written according to [9] as (5) (6) For the proposed geometry of the equivalent problem, (5) and (6) transform into (7) (8) Here, and are the Cartesian components of the equivalent magnetic current distribution over the plane. Equations (7) and (8) establish the relation between the EMC source and the electric field components at any point where the equivalence is valid.
In order to numerically evaluate the previous expressions, the domain is subdivided into small regions. Over each subdomain, we apply an equivalent magnetic current distribution. Using , such subdomain-type basis functions , weighted by unknown complex coefficients , we obtain an expression for each Cartesian component of the current distribution as [6] - [8] (9) (10)
The numerical values of the radiated electric field components at a point due to the equivalent magnetic current distribution can be approximated by
If enough computing memory is available, the integral representations given by (11) and (12) can be used to calculate the EMC through (9) and (10) using measured electric fields over arbitrary surfaces. In addition, because of (11) and (12), the measurement samples need not satisfy Nyquist sampling criterion, i.e., be spaced half a wavelength apart. This sampling requirement is transferred to the equivalent source plane where the discretization through the choice of appropriate basis functions must meet certain criteria. Once the EMC is known, the far fields can easily be calculated. Another alternative is to take advantage of the translationally invariant properties of the Green function involved in (11) and (12). For the case of planar scanning and the proposed configuration of the equivalent problem, the Green function involved in the electric field is a function of the absolute value of the differences between observation point and source point, becoming of the form (13) Hence, if equal spacing is selected both in the source domain as well as in the scanning domain, and the points in both domains are arranged so that all the distances are a multiple of a minimum separation, only a reduced number of matrix elements must be computed and stored.
More savings in CPU time can be achieved if the calculation of the field at the points at each iterative step is performed using an FFT algorithm instead of a direct summation over the elements for each of the scanning points. In fact, at a constant distance from the plane of the antenna, (5) and (6) are of the convolutions type (14) If the FFT of the unbounded medium Green function is calculated a priori and its elements stored, the field values from the estimated EMC density at the th iterative step of the minimization process can be calculated using (15) where corresponds to the FFT of the estimated EMC density at th iterative step. Therefore, information for both magnitude and phase is for the EMC can be calculated using this procedure with amplitude-only data.
III. COST FUNCTION
Let us suppose we know the value of the amplitude of the electric field at points. In a NF-FF application these points correspond to the measured data of the AUT. Let us term them , the measured values for the two Cartesian components of the electric field. In this case, values corresponding to one or more planes or value measured over any other arbitrary surface can be included.
Then, an optimization algorithm could be used to obtain the coefficients of the EMC distribution that produce the radiated field which best fits the measured amplitude NF data.
The cost function we propose to minimize to obtain each component of the EMC density is
The mathematical properties of this quadratic cost function is described in [4] , [5] , where an insight into the occurrence of local minima is provided. Furthermore, it is possible to avoid convergence to the local minima by collecting independent data. For the planar NF-FF case, two independent functionals are minimized, each one using one field component and one source component. Both components are used to calculate the complete EMC distribution and hence, the FF pattern of the AUT.
With this reconstruction algorithm no assumption is made about the phase of the measured NF data. In addition, it is not necessary to retrieve that phase first, but the EMC distribution is directly reconstructed and then, the field at any point can be calculated. A conjugate gradient algorithm with calculated analytical derivatives has been used to evaluate the coefficients that represent the EMC distribution.
In the next section, we present some numerical results using this methodology.
IV. RESULTS

A. Simulation
For the first two examples, a much denser near-field sampling rate has been considered than is generally used in conventional measurements. The higher sampling rate has been used to guarantee the results so that they are not affected by a lower value for the sampling. However, for example 3, a normal sampling rate of the near-field data has been used.
Example 1: This example corresponds to a two-dimensional (2-D) magnetic current distribution, with values of 0 dB and 20 dB arranged in a "chessboard" fashion. The current distribution domain is a square of with 12 12 elementary cells, both for synthesizing and reconstruction purposes.
Planar scanning was considered in this example. The NF amplitude-only data at two different planes and from the source plane, have been synthesized. Each scanning plane is and the spacing between samples is . Good results in the FF data can be obtained using amplitude-only data over one or two planes utilizing a few steps of the iterative method. The calculated FF patterns after 50 iterations of the refinement for the EMC has been used to display the plots of Fig. 4 . The rate of convergence is shown in Fig. 5 . However, more numbers of iterations in the minimization algorithm must be considered for an accurate reconstruction of the sources. The reconstructed magnetic current distribution using the information over one plane and two planes are shown in Fig. 3 . Also, the nominal distribution and the reconstructed one, using the amplitude and phase information over one plane, have been plotted in the same figure for comparison. Those results have been obtained with 1000 iteration of the minimization algorithm. The reconstructed magnetic current agrees well with the nominal one for all the configurations examined. The CPU time per iteration in a personal computer is less than one second in this example where 144 unknown sources and 25 921 field data points over each scanning plane have been used. Example 2: In this case, the NF data is synthesized from a known 2-D magnetic current distribution whose domain is , with dB over a centered "cross" of width and dB over the rest of the domain. A total of 36 36 elementary source cells have been used for synthesizing the NF data over two planes of . The spacing between the NF samples is , resulting in 6400 data points. For reconstruction purposes, 40 40 unknown sources have been considered. The reconstructed EMC distributions as a function of the number of iterations have been plotted for the case of amplitude and phase information, amplitude data measured over two planes and amplitude-only data over one plane in Figs. 6-8 respectively. The EMC distribution over a larger plane is shown in Fig. 9 . In each figure, the plots of the equivalent EMC after iterations (from left to right, up to down) are shown. For the case of amplitude-only data, the EMC can be very good if reconstructed using data over two planes. However, in this example, only an approximation of the EMC density can be obtained if amplitude data over only one plane is used. Also the evolution of the calculated FF pattern as a function of the number of iterations is shown in Figs. 10-12 . Again, very accurate results can be obtained using amplitude information on two planes while an approximated pattern is obtained using data over only one plane. Regarding CPU time, the case of two planes takes the longest time, which is half a minute per iteration. The results using amplitude data over one plane can be improved if more data are considered. In Figs. 9 and 13, the reconstructed EMC and far field are shown, respectively, for the case of using 125 125 amplitude points over the plane (case C). The result for the FF pattern using 125 125 field points over a plane is also shown in Fig. 13.  (case B) . 
Example 3:
The NF data from a long array with a known sinusoidal current distribution given by (17) has been used to generate amplitude-only near-field data for the purpose of source reconstruction and NF-FF transformation. Although it corresponds to a one-dimensional (1-D) problem, its complexity regarding current distribution and field pattern makes this example interesting for showing the capabilities of this reconstruction technique. 40 point sources have been considered as constituting the linear array.
First, the centerline scanning (a particular case of the planar scanning) was considered. The NF data at three different distances , and have been synthesized. The length of the scanning line for all the separation distances is and the spacing between samples is . The results of the reconstructed current distribution using two planes and three planes are shown in Fig. 14 . The FF pattern from the reconstructed current distribution is shown in Fig. 15 . Finally, the convergence of the iterative minimization algorithm for several cases is shown in Fig. 16 . Although with two planes the FF and even the reconstructed current are notably good, they can be improved, either by increasing the aspect angle of the data collection or by including in the optimization process the amplitude-only measurement information over a third plane.
Secondly, the NF data is synthesized along two semi-circles of radius and respectively. This can be considered as a particular case of spherical scanning. Because of the full aspect angle-scanning domain, the maximum angle, where the results are valid, increases with respect to the planar scanning. This can be seen by comparison of the FF pattern plotted in Fig. 18 with the previous one of Fig. 15 . Also the reconstructed current results of Fig. 17 agree very well with the nominal current distribution (see Fig. 14) . Due to the 1-D scanning, each of the results of this example has been calculated in just a few seconds in a personal computer.
B. Experimental Data Example 4:
This example corresponds to an aperture antenna with a main reflector of 40-cm diameter and a subreflector in ating frequency of 12.625 GHz at two scanning planes, 40 and 100 cm, far from the aperture of the antenna. The scanning domain at each plane is 0.88 m 0.88 m, with the spacing between field points of 1 cm and a total of 7921 field points. 100 100 source cells along a domain of 50 cm 50 cm have been used for reconstruction. The reconstructed EMC on the aperture of the antenna are shown in Fig. 19 for the cases of amplitude data over two planes and amplitude data on only one plane. The reconstruction with amplitude and phase information is also plotted for comparison. Although the obstruction effect due to the subreflector can be observed in all cases, the diagnosis results from amplitude data from only one plane are far from the accuracy that can be obtained with the information from two planes. The calculated FF pattern with this source reconstruction technique and amplitude-only data without probe correction as well as the calculated result using a classical FFT technique with amplitude and phase data are shown in Figs. 20 and 21 . The far-field results using amplitude-only data over two planes agree with those obtained using both amplitude and phase information. The agreement is upto pattern levels of 25 dB which corresponds roughly to the truncated effects produced by the finite near-field scanning. The results using amplitude-only data over two planes agree with those of using amplitude and phase information in the main lobe and in the first side lobe. However, in this case some differences appear in the first lobe level when using amplitude data in only one plane.
V. CONCLUSION
A source reconstruction technique is presented using measured amplitude-only field data through an equivalent magnetic current representation of the AUT. This integral equation relating the EMC and the near fields also provides the basis for NF-FF and diagnosis applications. The advantage of this integral representation is that the near-field sampling need not satisfy the Nyquist sampling criteria.
The possibility of measuring amplitude-only data over arbitrary surfaces and the source diagnosis capabilities makes this technique an alternative to the classical iterative phase retrieval schemes.
The accuracy of this technique when using measured amplitude-only field data at one and two surfaces has been studied by means of synthesized data. Both pattern reconstruction as well as diagnosis applications have been presented. Some conclusions regarding the necessary information to improve accuracy are directly derived from the presented examples (for sufficient separation between measurement surfaces, number of field points, maximum scanning angle, and so on). Amplitude measurements over two planes improves the accuracy both in the source reconstruction and in the calculated FF pattern, while the quality of the results using amplitude information on one scanning surface can vary depending on the problem. The accuracy of the later is worse when both amplitude and phase information is available over one plane than of amplitude-only information over two surfaces. 
